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BODY size exhibits significant heritable withinpopulation variation in many species (e.g. Roberts et al. 1979; Atchley et al. 1981; Barton and Turelli 1989; Voss and Marcus 1992; Cheverud et al. 1994; Choudhury et al. 1996 ), yet there is little information on the genetic basis of geographic variation in body size. This information is necessary for understanding the evolution of body size and related characters such as growth rate. Because size can be affected by many environmental variables, it is essential that the inheritance of body size variants within a species be demonstrated, before geographic variation in these characters can be considered in terms of genetic differentiation and adaptive divergence (Arthur 1984) .
Information on the genetic basis of geographic variation in morphological characters such as body size is of importance for conservation genetics, where the extent of adaptive divergence within a species has implications for the translocation of animals and the determination of which subpopulations require conservation. Translocation may be used for repopulating areas within a species range and, occasionally, for introducing genes into inbred subpopulations (Griffith et al. 1989; Wolf et al. 1996) . Information on the degree and pattern of adaptive divergence can be used to determine suitable source populations for translocations.
The southern brown bandicoot (Isoodon obesulus) is a small marsupial inhabiting coastal plain and jarrah (Eucalyptus marginata) forest in the southwest of Western Australia. It also occurs in South Australia, Victoria, Tasmania and New South Wales, although there is no physical connection between the W.A. populations and those in other states (Braithwaite 1998) . The range of this species in Western Australia has declined by about 40% over the last few decades, mainly due to habitat destruction and feral predators (Friend 1990; Maxwell et al. 1996) . Translocation of groups of I. obesulus to parts of its former range has been used, and is continuing, to increase the security of this species in this region. As a result, information on any adaptive divergence in I. obesulus would be useful to ensure appropriate source populations are used for the translocations.
Isoodon obesulus exhibits significant geographic variation in body size throughout its range in Western Australia (Cooper 1998) . The size differences are substantial, with mean within-population adult sizes ranging from 0.725 ± 0.24 kg to 1.730 ± 0.24 kg for males, and 0.489 ± 0.05 kg to 1.031 ± 0.05 kg for females, over distances up to 400 km. Population means for head length, pes length and ear length also vary substantially over this distance. The geographic variation in body size is not related to distance, however it is associated with habitat type. Larger body size is associated with an open forest habitat, while small body size is associated with swamp habitat where the understorey consists of densely packed reeds (Cooper 1998) . This relationship to habitat suggests that the size variation may be adaptive. However, because body size is likely to be affected by many environmental variables, especially food quality or availability, the geographic variation in body size cannot be considered to represent adaptive divergence unless it is shown to be heritable.
In this study, the inheritance of geographic variation in body size in I. obesulus is tested directly through a controlled-environment crossbreeding experiment, to determine whether this variation may be evidence for adaptive divergence among the populations. Animals from two different locations in Western Australia, Albany and Perth, have been crossed to assess the genetic basis of this geographic variation. Perth I. obesulus are substantially larger than Albany I. obesulus in wild populations (Cooper 1998) . All matings and growth of offspring were conducted under identical environmental conditions, thus standardising the environmental component of the phenotypic variation in the offspring. As a result, any differences in offspring phenotype are due to genetic variation.
MATERIALS AND METHODS

Collection of adults
Adult I. obesulus were collected from two locations approximately 400 km apart, Perth (32.2°S, 115.8°E) and Albany (35.0°S, 117.9°E). At each location four males and four females were captured using treadleoperated live traps, and all animals were returned to the Department of Zoology animal yard at The University of Western Australia. Each animal was ear clipped with a unique pattern to allow individual identification. The Perth animals represented the 'large' adults, while the Albany animals represented the 'small' adults (Table 1) . Each animal was held in isolation, in outdoor cages approximately 1 m 2 , for a period of 15 days to ensure that none of the females were already pregnant; gestation period in this species is about 12 days (Stoddart and Braithwaite 1979) . Each animal was provided with approximately 150 g canned dogfood each day, with water always available.
Experimental design and animal husbandry
After the initial isolation period males and females were paired in the following treatments: large male with large female (i.e. Perth x Perth), large male with small female (i.e. Perth x Albany), small male with large female (i.e. Albany x Perth), and small male with small female (i.e. Albany x Albany). There were two replicates for each treatment, resulting in a total of eight pairs of animals. Each pair was randomly assigned to one of eight identical cages, and kept under the same environmental conditions (same cage size, climate, vegetation, food, water, and time of year). Each pair was held in an outdoor cage, 6 m x 4 m in size, containing mostly grasses, with a few Eucalyptus trees. Each animal was provided with approximately 150 g of canned dog food each day, with water always available. Occasionally a handful of slaters (isopods) or mealworm larvae (Tenebrio molitor) was scattered in each cage to provide the animals with a more natural food.
Pairs were left together until the female was close to weaning the pouch young, 60 days from birth. Females were then removed to a smaller, covered cage (approximately 2.5 m 2 ). Females and young were kept together until the young had been out of the pouch for 12 days, at which time they were no longer dependent on the mother. At this time mothers were returned to the outdoor cages. Juveniles were provided with excess food, so that growth would not be limited by food availability, and water was always available. All juveniles were reared in identical 2.5 m 2 cages, under the same environmental conditions. At the time the mother was removed from the juveniles, juveniles were also separated if there was more than one in a litter, to prevent the possibility of different densities of juveniles affecting growth.
Each pair was allowed to mate only once, producing one litter for each replicate. Although the exact date of birth was not recorded for each litter, the period of time over which the female was visibly carrying pouch young was recorded, i.e. time from first day on which distended pouch was noticed to day of young first leaving pouch. All adults were observed each day at time of feeding, and females were visibly inspected for signs of swelling of the pouch. The presence of pouch young was obvious from a distance, so physical examination of the pouch was not necessary.
Collection of measurements
On the first day in which a juvenile left the mother's pouch, its body weight was obtained. At 12 days after first leaving the pouch (i.e. 12 days after weaning) the first full set of measurements, weight (kg), head length (mm), pes length (mm) and ear length (mm), was obtained for each juvenile. The length measurements were not taken on the first day as they could not be obtained without handling the young, and it was decided not to do this while the young were still dependent on the mother. From then on, the four measurements were taken once a month, counting from the day on which the juvenile first left the pouch: i.e. at 30 days after weaning, 60 days after weaning, etc., for six months (180 days). Bandicoots reach adulthood approximately four months after leaving the pouch (Stodart 1977) , so the measurement period covered all the time the animals were juvenile and about two months into adulthood.
Statistical analysis
In one of the hybrid treatments (small male with large female) one of the pairs did not mate. As a result, for most of the statistical analyses, where there did not appear to be any difference between litters from the two hybrid treatments, the replicates from Treatment 2 (large male with small female) and Treatment 3 (small male with large female) have been combined to form a new treatment simply called 'hybrid' with three replicates. For the measurement of juvenile body weight, where litters from the two hybrid treatments appeared to produce different results, the two hybrid treatments were not combined.
A repeated measures analysis of variance (ANOVA) was performed on each of the four measurements, with time of measurement being the repeated measure. As environmental conditions were kept constant, any difference in size among treatments should reflect genetic differences, and thus represent the genetic component of the body size variation between Albany and Perth I. obesulus. Where significant interactions or differences between treatments were detected with the repeated measures procedure, post hoc SNK (Student-Newman-Keuls) tests were performed to determine at which ages and among which treatments the differences lie.
RESULTS
Breeding success
Seven of the eight pairs of adults mated and produced one litter each, comprising one to three juveniles ( Table 2 ). The one pair that did not mate was one of the small male with large female (AP) replicates. Adults did not begin mating until six months after the pairs were originally put together, despite it being the breeding season for these animals, and litters were born over a period of eight months. I. obesulus naturally have a long breeding season (6 -8 months), and generally produce up to three litters per year (Braithwaite 1998). All litters appeared to spend approximately the same amount of time in the pouch (distended pouch was visible for 42.3 ± 0.57 days). All offspring were sexually mature by the 120 day measurement, and offspring did not display any sexual dimorphism in size during the six months of measurements. Due to the small samples within treatments, it was not possible to test statistically for sexual dimorphism. However, the offspring within each litter were similar in Table 2 . Litters produced by experimental pairs of I. obesulus. Litter name refers to the source of parents, A = Albany, P = Perth, with the male cited first. M = male, F = female. Days known to be in pouch refers to the time from the first day in which the female's pouch was observed to be occupied, to the day on which young first left the pouch.
Albany
Hybrid Perth Table 3 . Mean sizes for each sex in each treatment at each measurement age. Standard errors in parentheses, where n > 1. Samples were too small to test statistically for sexual dimorphism in each treatment, but it can be seen from the means that there is no consistent difference between the sexes in each treatment for any of the four measures. One of the Albany male offspring (the smaller one) died after 60 days, reducing the sample size from two to one. size at each measurement age, regardless of sex, and there was no consistent difference between the sexes within each of the three treatments, Albany, hybrid or Perth (Table 3) . As a result, the sexes within each treatment were pooled for further analyses. Throughout this paper, offspring with two Albany parents are referred to as Albany offspring, offspring with two Perth parents are referred to as Perth offspring, and those with one Albany and one Perth parent are referred to as hybrids.
Analysis of size differences among treatments
Head length and pes length were significantly different among treatments (head length: F = 20.982, p = 0.008, df = 2,4; pes length: F = 7.278, p = 0.046, df = 2,4; repeated measures ANOVA), while ear length did not differ significantly throughout the course of the experiment (F = 4.489, p = 0.095, df = 2,4). Each of the length variables initially displayed additive genetic variation (Fig. 1) . That is, Perth offspring were larger than the hybrids which, in turn, were larger than Albany offspring. Post hoc (StudentNewman-Keuls) tests showed a significant difference between the Perth and Albany treatments at 12 days after weaning for headlength, but due to lack of power with this test (at least with small sample sizes) no significant differences were found between pairs of treatments for pes length at this age, despite the fact that significant differences between treatments were detected by the repeated measures ANOVA.
The intermediacy of the hybrids was not simply a result of confounding maternal effects. If maternal effects were responsible for the hybrids being intermediate, the values for the length measures for hybrids with a Perth mother (AP) should have been similar to those of the Perth offspring, and larger than the length values for hybrids with an Albany mother (PA), which should have been similar to those of the Albany offspring, with the overall value for 'hybrids' being an average between these two extremes. However, this was not the case. The mean size of Fig. 1 . Mean offspring size (head length, pes length, ear length and weight) for each treatment over the course of the experiment. Error bars are the standard error of the mean. For the three length variables the two hybrid treatments have been pooled to form a single treatment called 'hybrid'. All variables apart from ear length displayed significant differences among treatments, and growth rates differed among treatments for all four variables. All variables apart from weight initially showed additive genetic variance, while the variation in weight appeared to display dominance. each hybrid litter was intermediate between that of the Perth offspring and that of the Albany offspring, and there was little difference in size between the two types of hybrid cross.
This additive genetic variation in the three length variables disappeared over time, due to differences in growth rates between treatments. There was a significant treatment x time interaction for each of the three length variables over the course of the experiment, showing that the growth rates among treatments were significantly different (head length: F = 5.817, p < 0.001, df = 12,24; pes length: F = 4.034, p = 0.002, df = 12,24; ear length: F = 5.332, p < 0.001, df = 12,24; repeated measures ANOVA). Hybrids and Albany offspring increased in size at a greater rate than the Perth offspring, especially for the first couple of months. By 30 days after weaning the hybrids were no longer smaller than the Perth offspring in head length, but both hybrids and Perth offspring were still significantly larger in head length than the Albany offspring (SNK test, p < 0.05) (Fig.  1) . By 90 days after weaning, the Albany offspring were also not significantly different to the Perth offspring in head length (SNK test, p > 0.05), i.e. they had 'caught up' due to a greater growth rate than the Perth offspring. By this time, the hybrids had the largest mean value for head length, and this situation remained for the rest of the experiment.
Pes length and ear length displayed a similar pattern, with the initial additive genetic variation disappearing rapidly. The treatments were not much different in ear length by 60 days after weaning (Fig.  1) . This could possibly explain the lack of significance for treatment differences in ear length in the repeated measures ANOVA, despite the presence of a significant interaction between treatment and time, because this analysis averages treatment differences over all measurement times. Thus the initial differences may be swamped by the lack of difference for the majority of measurement times. The hybrids rapidly caught up to the Perth offspring in pes length (they were no different by 30 days), but the Albany offspring remained smaller than the other two treatments until 120 days after weaning (Fig. 1) . For both pes length and ear length, the hybrids possessed the largest mean value by 120 days after weaning, and remained that way for the rest of the experiment. Thus, all three length variables displayed additive genetic variation at the beginning of the experiment, but by the end, at 180 days after weaning, the treatments were not significantly different for any of these variables, although for all three the hybrids had the largest sample mean.
Body weight did not display additive genetic variation, but it did appear to have a genetic basis, as the treatments were significantly different during the experiment (F = 34.242, p = 0.008, df = 3,3; repeated measures ANOVA). The variation in initial body weight appeared to display dominance, with large initial body weight (80 to 90 g) being dominant to small initial body weight (35 to 40 g) (Fig. 1) , with any offspring with at least one Perth parent possessing the large initial body weight. Differences in growth rate for body weight existed among treatments, i.e. there was a significant treatment x time interaction (F = 7.903, p < 0.001, df = 21,21), but these differences in growth were not apparent until 90 days after weaning, when all litters with a Perth mother appeared to decrease in growth rate while those with an Albany mother did not (Fig. 1) . As a result, by the end of the experiment, there was no difference in body weight between the Perth and Albany offspring, but the hybrids with an Albany mother were significantly larger than both of these groups. The one hybrid litter with a Perth mother (AP1) appeared to mirror the growth pattern of the Perth offspring, suggesting that the faster growth rate was passed on by Albany females only. However, the lack of replicates in this treatment meant that it was not possible to conclude whether the faster growth rate is limited to litters with an Albany mother, or may be common in litters with any Albany parent, because it was not possible to determine whether there was a significant difference in body weight between the two hybrid treatments at any time during the experiment.
DISCUSSION
Geographic variation in all four body size variables of I. obesulus examined in this experiment was found to be heritable. The differences in body size detected among treatments were not the result of maternal effects, but represented genetic variation. This is evident from the measurements for each of the two hybrid types. If maternal effects were responsible for the body size variation among treatments, hybrid offspring with a Perth mother should have been similar in size to the Perth offspring, and hybrids with an Albany mother should have been similar in size to the Albany offspring. However, this was not the case. Instead, all hybrid offspring, regardless of the source of the mother, were initially intermediate in body size between Perth and Albany offspring for the three length variables, and remained an obvious single group throughout the experiment. The variation in body weight, although not additive, was also not due to maternal effects, as both hybrid litters with an Albany mother displayed the larger initial body weight, as did the other hybrid and Perth litters, not the smaller initial body weight as would be expected if maternal effects were responsible for the variation.
While the three length variables initially displayed additive genetic variation, body weight displayed dominance, with large initial body weight being dominant to small initial body weight. This suggested that 1) the large variation in initial body weight may be controlled by a single locus, and 2) body weight is under a different genetic control to the three length variables, which could all be under the same genetic control. Body weight is usually considered to be a polygenic character (McKinney 1990) . This seems reasonable because it is conceivable that a large number of factors could influence weight (Arthur 1984). However, it is possible for differences in weight to be controlled by a single locus if that locus codes for an enzyme or other factor that is involved in the regulation of growth.
Initial sizes were the most heritable. The final body size for all four measures was influenced not only by the genetically determined initial size, but also by differences in growth rates between the treatments. As a result, the relative sizes of individuals in the different treatments were different at the beginning and end of the experiment. The results suggested that the Albany animals, although smaller at weaning, were capable of growing faster than their larger Perth counterparts when provided with unlimited food, thus eliminating the difference in size by the time the animals were adult. As this faster growth rate in the three length variables was also displayed by the hybrid offspring, it appeared that the faster growth rate was inherited by the offspring from the Albany parents. Since both types of hybrid, Albany mother or Perth mother, had the faster growth rate compared to the Perth animals, this faster growth rate is not the result of maternal effects, but represents genetic variation in growth rates. If maternal effects were responsible for the variation in growth rate, the hybrids with a Perth mother should not have grown at the faster rate, and therefore should have remained smaller than the Perth offspring throughout the experiment.
The analyses of body weight also detected differences in growth rate among treatments, with the Albany offspring and hybrids with an Albany mother growing at a faster rate than the Perth offspring and hybrids with a Perth mother. The fact that the two types of hybrid appeared to display a different growth rate, and the growth of each hybrid type was similar to the growth of non-hybrid offspring with the same type of mother, suggests that maternal effects could be responsible for the variation in growth rate in body weight. However, as the differences in growth rate in body weight were not observed until two months after separation from the mother, it seems unlikely that maternal effects are responsible as these are usually evident from birth. Alternatively, the faster growth rate could be genetically controlled, but passed on only through the mother. This is possible if the variation in growth rate caused by a gene on the mitochondrial genome, as mitochondria are usually maternally inherited (Dowling et al. 1996) . It must be noted, however, that only one replicate of the Perth mother x Albany father hybrid was produced, so it is possible that there is no real difference between growth rate among the two hybrid types.
By the time the offspring were sexually mature, 120 days after weaning, the female Albany offspring were larger than the mean size of adult females caught at the Albany trapping location (Cooper 1998) . This indicated that the animals in the wild population at Albany are not growing at their maximum possible rate. The difference in size between these two groups in wild populations suggests that food must be limiting at the Albany site. Therefore, while body size was shown to be heritable in I. obesulus, the genetic variation is not likely to be totally responsible for the differences in size among wild adult I. obesulus, because when offspring are provided with unlimited food, there are no differences in size by the time they are adults. This suggests that there is some genotype-environment interaction, with genotypes for faster growth being associated with a poorer environment (Albany), and slower growth with the relatively richer environment (Perth).
Genotype-environment interactions are an inherent consequence of local adaptation, because certain genotypes will be favoured in certain environments (Falconer and Mackay 1996; Hartl and Clarke1997) . Interaction between genotypes (for growth) and the quality of the environment has been noted in many mammals, for example different breeds of beef cattle (Henningsson 1986; Morris et al. 1993; Brown et al. 1997) , with the larger breeds performing relatively poorly in the harsher environments (Morris et al. 1993) , and also among sheep (Rajab et al. 1992) . The interaction between growth rate and environment in I. obesulus could be adaptive, as a faster inherent growth rate is likely to be advantageous in a poor or fluctuating environment, allowing the animal to take advantage quickly of any increase in food availability or quality, even if the food increase occurs only for a short period of time. This fast intrinsic growth rate would not be important for animals living in a relatively rich environment where sufficient food is often available.
The interaction between growth rate and environment in I. obesulus is countergradient, i.e. intrinsic growth is faster in animals from the poorer environment. The result of this is that the difference in body size between Perth and Albany I. obesulus in their native environments is less than would occur if they had the same intrinsic growth rates. Countergradient variation in growth rates has been observed in many ectotherms (reviewed in Conover and Schultz 1995) , and is commonly seen as increased intrinsic growth rates in animals from colder environments to compensate for lower metabolic rates in these cooler temperatures (e.g. Conover and Schultz 1995; Parsons 1997) , or faster growth in environments with a shorter growing season (e.g. Conover and Present 1990; Shultz et al. 1996) . The interaction between growth rates and environment in I. obesulus appears to be the first reported example of countergradient variation in growth rate in an endotherm. Temperature is unlikely to be indirectly influencing growth in I. obesulus through variation in energy required for thermoregulation, because the range of temperatures encountered in this region is small (2 -3°C), all temperatures are mild, and bandicoots spend much of their time in insulated nests. Therefore, the most likely explanation for the differences in intrinsic growth rate between Albany and Perth animals is that these two locations have different levels of food availability or quality. This genetic compensation in I. obesulus masks adaptive genetic variation in the native populations, as the body size of adults at different locations is more similar than would occur if the animals had the same intrinsic growth rate.
In conclusion, variation in head length, pes length, ear length and body weight of I. obesulus was found to have a large genetic component. Although final adult size is a combination of genetic and environmental variation, the genetic component to geographic variation in body size suggests adaptive divergence in size exists in this species. Not only was there a genetic component to initial variation in body size, but there was also genetically controlled countergradient variation in growth rates among treatments. The genetic compensation in intrinsic growth rate decreases the degree of the difference in body size between animals from Perth and Albany, as the smaller animals are capable of growing faster, thus masking the extent of the probably adaptive divergence between these locations. Thus, not only does the observed geographic variation in body size appear to represent adaptive divergence, but the genetic compensation in growth rates provides further evidence for probably adaptive divergence between I. obesulus populations, and therefore local adaptation within them.
